Identification of biomarkers for endometriosis is an unmet medical need that demands to be fulfilled. In this study, we first used a mouse model of endometriosis and evaluated the potential utility of select biomarkers based on serial observations. Since fibrosis is the end result of lesional development, we chose high mobility group box 1 (HMGB1), osteopontin (OPN), and hyaluronic acid (HA), all three of them have been well documented to be involved in endometriosis and fibrosis, as potential biomarkers. In addition, we performed immunohistochemistry analysis of HMGB1, OPN, and the receptors for HMGB1, such as toll-like receptor 4 (TLR4), nuclear factor κB (NF-κB), proliferating cell nuclear antigen (PCNA), interleukin-33 (IL-33), and receptor for advanced glycation endproducts (RAGE)-a pattern recognition receptor, with HMGB1 being its important ligand. We then evaluated the same set of putative markers in 30 women with ovarian endometriomas and 20 without endometriosis, and reevaluated the 3 plasma markers 3 months after the surgical removal of all visible endometriotic lesions. In mouse, the lesional staining levels of OPN, RAGE, and IL-33 were all significantly higher than that of normal endometrium, and increased progressively as lesions progressed. In contrast to HMGB1, TLR4, p-p65 and PCNA staining levels were decreased progressively. In humans, lesional staining levels of OPN correlated positively, while that of HMGB1 correlated negatively with the extent of fibrosis. All three plasma markers correlated positively with the extent of lesional fibrosis. Through this integrated approach, we identified plasma HMGB1, OPN and HA as promising admissible biomarkers for endometriosis.
Identification of biomarkers for endometriosis is an unmet medical need that demands to be fulfilled. In this study, we first used a mouse model of endometriosis and evaluated the potential utility of select biomarkers based on serial observations. Since fibrosis is the end result of lesional development, we chose high mobility group box 1 (HMGB1), osteopontin (OPN), and hyaluronic acid (HA), all three of them have been well documented to be involved in endometriosis and fibrosis, as potential biomarkers.
In addition, we performed immunohistochemistry analysis of HMGB1, OPN, and the receptors for HMGB1, such as toll-like receptor 4 (TLR4), nuclear factor κB (NF-κB), proliferating cell nuclear antigen (PCNA), interleukin-33 (IL-33), and receptor for advanced glycation endproducts (RAGE)-a pattern recognition receptor, with HMGB1 being its important ligand.
We then evaluated the same set of putative markers in 30 women with ovarian endometriomas and 20 without endometriosis, and reevaluated the 3 plasma markers 3 months after the surgical removal of all visible endometriotic lesions. In mouse, the lesional staining levels of OPN, RAGE, and IL-33 were all significantly higher than that of normal endometrium, and increased progressively as lesions progressed. In contrast to HMGB1, TLR4, p-p65 and PCNA staining levels were decreased progressively. In humans, lesional staining levels of OPN correlated positively, while that of HMGB1 correlated negatively with the extent of fibrosis. All three plasma markers correlated positively with the extent of lesional fibrosis. Through this integrated approach, we identified plasma HMGB1, OPN and HA as promising admissible biomarkers for endometriosis.
Endometriosis is a benign gynecological disease featuring ectopic deposition of endometrial-like tissues outside of the uterine cavity. A common disease affecting 6-10% of women of reproductive age 1 , endometriosis is one of the major contributors to dysmenorrhea, infertility, and chronic pelvic pain, impacting negatively on the quality of life and productivity in affected women 2 . The socioeconomic burden of endometriosis on health care expenses also is heavy 3, 4 . The enormous negative impact of endometriosis on many aspects of women's lives calls for a speedy diagnosis and proper management. Unfortunately, as of now there is no non-invasive diagnostic procedure for endometriosis. Currently, visualization of endometriotic lesions commonly by laparoscopy or laparotomy, followed by histologic confirmation, is considered to be the gold standard for diagnosing endometriosis 5 . Yet this practice has its own risks, costs, and limitations 6 . The invasive nature of this diagnostic procedure and its associated cost, in conjunction with the requirement of skills, training, and experience for the operating physicians, contributes, perhaps in no small amount, to the well documented diagnostic delay in endometriosis. It often takes at least 5-6 years from the time a patient first experienced symptoms of endometriosis until she receives a definite diagnosis [7] [8] [9] . A recent review of the published literature finds that even this "gold standard" is not without any problems 6 . Over the last 30 years, numerous attempts have been made to identify peripheral biomarkers of endometriosis. Dishearteningly, not a single published biomarker can be clinically validated [10] [11] [12] . Such an abject failure, by necessity, calls for a careful re-evaluation of the traditional ways of identifying biomarkers for endometriosis.
. However, markers that meet this requirement may still not be specific enough to separate women with endometriosis from without. Therefore, the enormous complexity that is camouflaged behind the simple definition of endometriosis is likely responsible for the debacle that has been experienced in biomarker identification in endometriosis 10, 12, 19 and demands study designs that are radically different from past studies. In this study, we used an integrated approach to identify biomarkers. We first used a mouse model of endometriosis and evaluated the potential utility of select biomarkers based on serial observations. Since fibrosis is the end result of lesional development [14] [15] [16] [17] , we chose high mobility group box 1 (HMGB1), osteopontin (OPN), and hyaluronic acid (HA), all three of them have been well documented to be involved in endometriosis [20] [21] [22] [23] [24] and fibrosis [25] [26] [27] [28] [29] [30] . In addition, we performed immunohistochemistry analysis of HMGB1, OPN, and the receptors for HMGB1, such as toll-like receptor 4 (TLR4), nuclear factor κB (NF-κB), and receptor for advanced glycation endproducts (RAGE)-a receptor for advanced glycation end-products (AGEs) 31 and also considered as a pattern recognition receptor, with HMGB1 being its important ligand 32, 33 , proliferating cell nuclear antigen (PCNA), and interleukin-33 (IL-33). We then evaluated the same set of putative markers in human endometriosis, and reevaluated 3 months after the surgical removal of all visible endometriotic lesions. Through this integrated approach, we identified plasma HMGB1, OPN and HA as promising and admissible biomarkers for endometriosis.
Results
Increasing total lesion weight as endometriotic lesions progress undisturbed. No mouse died during the entire experimental course, and there was no significant difference in bodyweight among all three groups before and 2 weeks after the induction of endometriosis, and between mice from the control group (CTRL) and mice sacrificed 5 weeks after endometriosis induction (ENDO5) (all p-values > 0.26; Fig. 1A ). As expected, there was no difference in hotplate latency among all 3 groups of mice before the induction (p = 0.80; Fig. 1B ), but the difference became highly statistically significant 2 weeks after induction (p = 0.0005; Fig. 1B ), and ENDO2 (sacrificed 2 weeks after endometriosis induction) and ENDO5 mice had statistically significantly shorter latency than that of the CTRL mice (both p-values = 0.0009). Indeed, the hotplate latency was significantly reduced 2 weeks after induction in both ENDO2 and ENDO5 mice (both p-values < 0.0002; Fig. 1B) . The latency at week 5 in ENDO5 continued to deteriorate as compared with that at week 2 (p = 0.0078; Fig. 1B ). Also as expected, the total lesion weight in ENDO5 mice was nearly 3 folds heavier than that of ENDO2 mice (167.5 ± 37.7 mg vs. 56.3 ± 8.7 mg, p = 0.00016; Fig. 1C ). These results are consistent with what we reported previously 34 .
Progression-dependent increase in plasma levels of HMGB1, OPN and HA with advancing lesions.
We measured the plasma concentrations of HMGB1, OPN and HA in all mice and we found that the plasma levels of HMGB1, OPN and HA in ENDO5 mice were significantly higher than that of CTRL (all p-values < 0.007) and of ENDO2 mice (all p-values < 0.05; Fig. 1D-F) . ENDO2 mice had significantly higher plasma HMGB1 and OPN, but not HA (p = 0.44), levels than that of the CTRL mice (p = 0.0019 and p = 0.021, respectively; Fig. 1D-F) . Using the age of lesions (0 for CTRL mice) as an independent variable and regressing these putative plasma biomarkers suggested that all were associated with the lesional "age", but the regression model for OPN had the highest R 2 value (0.68, versus 0.52 and 0.33 for HMGB1 and HA, respectively; All models were statistically significant, as all p < 0.0033).
Progression-dependent changes in immunostaining markers. We next evaluated the immunoreactivity against OPN, RAGE, IL-33, HMGB1, TLR4, p-p65, and PCNA, as well as the extent of fibrosis in endometriotic lesions. As shown in Fig. 1G , the immunoreactivity against OPN and IL-33 was seen in both epithelial and stromal components in normal endometrial and endometriotic tissues, and was localized in the cytoplasm, but the change was more prominent in epithelial cells. RAGE and TLR4 staining was seen mostly in cytoplasm and membranes in endometriotic, but not normal endometrial, epithelial cells. The immunoreactivity against HMGB1 staining was seen primarily in the nuclei in normal endometrial and endometriotic epithelial and stromal cells as well as cytoplasm in endometriotic epithelial cells. The p-p65 staining was seen in the nuclei as well as cytoplasm in endometriotic epithelial cells. The PCNA immunoreactivity was seen in endometriotic epithelial cells and some stromal cells and was localized in the nuclei, but the change in immunoreactivity as lesions progressed was more pronounced in epithelial cells.
Compared to normal endometrium, the lesional staining levels of OPN, RAGE, and IL-33 were all significantly higher (all p-values < 0.00016; Fig. 2A-C) . Interestingly, as lesions progressed, they were progressively www.nature.com/scientificreports www.nature.com/scientificreports/ increased (all 3 p-values < 0.038). The immunoreactivity against these 3 proteins was highly correlated (all r's ranged from 0.85-0.94, and all p's < 2.0 × 10
−7
). Similarly, the HMGB1 staining levels in the cytoplasm of endometriotic epithelial cells in both ENDO2 and ENDO5 mice were also significantly elevated (both p = 0.00016; Fig. 2D ), especially in ENDO2 mice. However, unlike OPN, RAGE and IL-33 staining, the HMGB1 staining levels were significantly reduced at lesions progressed (p = 0.028; Fig. 2D ). Likewise, while the staining levels of TLR4 were all significantly higher in both ENDO2 and ENDO5 mice than that of CTRL mice (both p = 0.00016; Fig. 2E ), they were significantly decreased as lesions grew older (p = 0.010). Consistently, similar pattern was seen in lesional p-p65 (p = 0.00016, p = 0.00016, and p = 0.028; Fig. 2F ) and PCNA staining levels (p = 0.00016, p = 0.003, and p = 0.00016; Fig. 2G ). The immunoreactivity against these 4 proteins was highly correlated (all r's ranged from 0.85-0.97, and all p-values < 1.2 × 10
). Correlation with the lesional development stage. Fibrosis appears to be the ultimate end result in lesions [15] [16] [17] . Therefore, we correlated the extent of lesional fibrosis with the immunostaining markers and the plasma markers we measured. The extent of lesional fibrosis correlated positively with the lesion weight (r = 0.85, p = 3.5 × 10 Fig. 3H,I ). The extent of fibrosis also seemed to be negatively correlated with lesional HMGB1 and p-p65 staining, but the correlation coefficients did not reach statistical significance (r = −0.43 and r = −0.35, both p's > 0.092). Interestingly, while the plasma OPN levels correlated with the lesional OPN staining levels (r = 0.89, p = 3.6 × 10 ), the plasma HMGB1 levels did not correlate with the lesional HMGB1 staining (r = −0.32, p = 0.23).
The multiple linear regression analysis incorporating all 3 plasma biomarkers indicates that OPN was the only variable associated with the extent of lesional fibrosis (p = 1.7 × 10 −5 , R 2 = 0.74). Within lesions, the extent of fibrosis was associated positively with OPN, RAGE, and IL-33 and negatively with HMGB1 (all p < 0.0009, R 2 = 0.98), but not with p-p65, PCNA or TLR4 (all p > 0.25). These seem to suggest that OPN, RAGE, and IL-33 may be positively, while HMGB1, TLR4 and p-p65 may be negatively, associated with the progression of fibrosis. www.nature.com/scientificreports www.nature.com/scientificreports/ In mice with endometriosis, the plasma OPN levels correlated positively with the lesional OPN staining levels (r = 0.89, p = 3.9 × 10 −6 ; Fig. 3J ). Interestingly, the plasma HMGB1 levels correlated negatively with the lesional staining levels, but it did not reach the statistical significance level (r = −0.32, p = 0.22).
Since the lesion weight represents a reasonable proxy for the development stage of lesions due to the homogeneity in all mice, we designated the lesion weight for the control mice as 0 and regressed the lesion weight with the 3 plasma markers. We found that all three putative markers were associated with the lesion weight, but the plasma OPN levels had the highest R 2 value (0.71, versus 0.64 and 0.32 for HMGB1 and HA, respectively; all p < 0.005), suggesting that plasma OPN levels may be the best one among the three putative markers.
Classification of mice based on putative plasma markers and hotplate latency. From the above presentation, we can see that plasma HMGB1, OPN, and HA levels could be used as biomarker candidates for diagnosing endometriosis. To mimic the clinical situation, we grouped ENDO2 and ENDO5 mice as one group, i.e. mice with endometriosis, and used linear discriminant analysis to see which plasma marker has the potential as a biomarker. For the same reason, we also included the hotplate latency as a potential biomarker, since this variable could be a proxy for the severity of pain in women with endometriosis. Table 1 lists the sensitivity, specificity, sum of the two, and the correct classification rate for different models. Based on the criteria of parsimony and the performance, we can see from Table 1 . Sensitivity, specificity, and correct classification rate for different models of linear discriminant analyses for the mouse experiment. Abbreviations used: LTCY: hotplate latency.
www.nature.com/scientificreports www.nature.com/scientificreports/ Table 1 that Model 5, i.e. the plasma HMGB1 level + hotplate latency, had an excellent performance, and the other models, such as Models 6 and 7, also had similar performance (Table 1) . Indeed, each set of these 3 models could not only discriminate between mice with and without endometriosis, but also mice with different "ages" of lesions (Fig. 4) . Thus, it can be concluded that plasma HMGB1, OPN, and HA levels are all biomarker candidates for endometriosis.
Confirmation in human endometriosis.
To confirm the results we found in mouse, we measured plasma levels of HMGB1, OPN, and HA in 30 patients with ovarian endometriomas (OE) and 20 women without endometriosis. The characteristics of recruited patients and controls are listed in Table 2 .
Among the 30 patients, the rASRM scores were not correlated with the severity of dysmenorrhea (p = 0.75, Jonckheere-Terpstra trend test), nor the maximum or combined size of the endometriomas (both p's > 0.30, Jonckheere-Terpstra trend test).
The preoperation plasma HMGB1, OPN and HA levels in women with endometriosis were significantly elevated when compared with that in controls (all p ≤ 0.0012; Fig. 5A -C). Three months after surgery-a period long enough for full recovery, however, their postoperative plasma levels were significantly reduced when compared with the preoperative level (all p ≤ 3.4 × 10 ) and apparently returned to the normal levels (all p ≥ 0.13; Fig. 5A -C). Multiple linear regression analyses incorporating age, parity, menstrual phase, co-occurrence with deep endometriosis or not, and group identity (endometriosis or control) indicated that for all three markers endometriosis was associated with higher preoperative plasma levels of these markers (all p < 0.0007, R 2 ranged from 0.22 to 0.38). For HA, older age was also associated with higher levels (p = 0.014). The three markers positively correlated with the rASRM scores of endometriosis (r's ranged from 0.87-0.96, all p < 4.4 × 10 −10 ; Fig. 5D-F) . However, none of the 3 markers was associated with the severity of dysmenorrhea in patients with endometriosis (all p > 0.35, Jonckheere-Terpstra trend test). In addition, while plasma levels of HMGB1 and OPN correlated with the cyst sizes and total volumes, that of HA did not ( Supplementary Fig. S1 ).
We also performed IHC analysis of HMGB1, TLR4, RAGE, p-p65, PCNA, IL-33 and OPN-the same panel as that of the mouse experiment-in endometriotic lesions as well as Masson trichrome staining of endometriotic lesions. Since fibrosis is the terminal stage of endometriotic lesions, we divided the 30 patients with OE as moderately and highly fibrotic groups, with the former group comprising those whose lesions showed the proportion of fibrosis/collages less than 50% and the latter, no less than 50%.
As shown in Fig. 6 , the immunoreactivity against HMGB1 staining was seen in the nuclei in endometriotic epithelial and stromal cells as well as cytoplasm in endometriotic epithelial cells. TLR4 and RAGE staining was seen mostly in cytoplasm and membranes in endometriotic epithelial cells. The p-p65 staining was seen in nuclei as well as cytoplasm in endometriotic epithelial cells. PCNA immunoreactivity was seen in endometriotic epithelial cells and some stromal cells and was localized in the nuclei, but the change of immunoreactivity in epithelial cells was more prominent. For IL-33 and OPN, the staining was seen in both endometriotic epithelial cells and stromal cells, and was localized in the cytoplasm, but the change of immunoreactivity in epithelial cells was more prominent. We can see that moderately fibrotic lesions typically exhibited lower staining levels of OPN, RAGE and IL-33 but higher staining levels of HMGB1, TLR4, p-p65, and PCNA while highly fibrotic ones displayed higher staining levels of OPN, RAGE and IL-33 but lower staining levels of HMGB1, TLR4, p-p65, and PCNA. Overall, the results were consistent with those in the mouse experiment.
All three plasma markers correlated positively with the extent of lesional fibrosis (r's ranged from 0.84-0.93, all p < 6.2 × 10 −9 ; Fig. 5G-I ). However, consistent with the mouse experiment which show no correlation between plasma HMGB1 levels and the extent of lesional fibrosis, such a correlation coefficient was the lowest among the three (Fig. 5G-I) .
The rASRM scores correlated with the extent of lesional fibrosis (r = 0.95, p = 2.6 × 10 −15 ). Using a Cox regression model incorporating co-variables such as age, parity, rASRM scores, total cyst volumes, and the immunostaining levels of HMGB1, TLR4, RAGE, p-p65, PCNA, IL-33 and OPN, we found that the severity of dysmenorrhea in women with endometriosis was significantly associated with the extent of lesional fibrosis (p = 0.019) and lesional HMGB1 staining levels (p = 0.026). ; Fig. 7H ), but the plasma HMGB1 levels correlated negative with the lesional staining levels (r = −0.77, p = 6.7 × 10 −7
; Fig. 7I ). Overall, there were essentially two groups of lesional markers, one consisting of OPN, RAGE and IL-33, and the other, HMGB1, TLR4, p-p65 and PCNA. Within the first group, the staining levels of any two members were highly correlated (r's ranged from 0.69 to 0.80, all p < 2.6 × 10 −5 ), and the same was true for the second group (r's ranged from 0.86 to 0.94, all p < 1.6 × 10 −9 ). Each member in the first group was negatively correlated with each and every member from the second group. The extent of lesional fibrosis correlated positively with any member in the first group but negatively with that of the second group.
Classification based on putative plasma markers and dysmenorrhea severity. We performed linear discriminant analyses using different combinations of plasma biomarkers and the severity of dysmenorrhea to see their performance. Table 3 lists the sensitivity, specificity, sum of the two, the correct classification rate and the area under the curve (AUC) for different models. The receiver operating characteristic (ROC) curves for www.nature.com/scientificreports www.nature.com/scientificreports/ individual markers and their select combinations are presented in Fig. 8 . We can see that overall the performance of the combination of the 3 plasma markers is better than that when used alone (Fig. 8) . Severity of dysmenorrhea seemed to perform quite well, but it is likely due to the absence of any women with dysmenorrhea in the control sample. Also, despite the fact that Model 14 has one less marker (plasma HMGB1) than Model 15, its performance is no worse (Fig. 8) .
Based on the criteria of parsimony and the performance, we can see from Table 3 that Model 14, i.e. the plasma OPN and HA levels + severity of dysmenorrhea, had the best performance. Of course, other models may also be equally admissible. Based on multidimensional scaling, Model 14 discriminated between patients with endometriosis and without fairly nicely, although there were still some misclassification (Fig. 9) . Taken together, it can be concluded that plasma HMGB1, OPN, and HA levels are all admissible biomarkers for endometriosis. www.nature.com/scientificreports www.nature.com/scientificreports/
Discussion
In this study, using a radically different study design-theory-based, targeted discovery from animal experimentation based on the knowledge of the natural history of endometriotic lesions and then validation from human samples, we found that plasma HMGB1, OPN, and HA are promising admissible biomarkers for diagnosing endometriosis. [35] [36] [37] [38] [39] and their plasma concentrations have been reported as potential biomarkers of fibrosis [25] [26] [27] [28] [29] [30] . It is well documented that tissue injury triggers evolutionarily conserved mechanism of tissue repair, manifested as a well-orchestrated repairing phases of hemostasis, inflammation, fibroblast proliferation, myofibroblast differentiation, and deposition of extracellular matrix (ECM) 40 . In particular, damaged cells release intracellular molecules, called damage-associated molecular patterns (DAMPs), that activate innate immunity just like pathogen-associated molecular patterns (PAMPs) 41 . PAMPs and DAMPs activate identical pattern recognition receptors including toll-like receptors (TLRs) and inflammasomes, which have already been implicated in endometriosis 20, 42, 43 . TLRs activation can also induce NF-κB dependent production of inflammatory cytokines and chemokines 44 , which have also been implicated in endometriosis 45, 46 . Similar to HMGB1, IL-33 also is an alarmin due to its participation in tissue homeostasis 47 . Through the IL-1 receptor-related suppression of tumorigenicity 2 receptor (ST2), IL-33 acts on immune cells associated with type 2 and regulatory immune responses, including type 2 innate lymphoid cells (ILC2s), Th2 cells, myeloid-derived suppressor cells, and Tregs 47 and induces alternatively activated macrophages 48, 49 . Not surprisingly, IL-33 as an alarmin has been implicated in endometriosis 50 . www.nature.com/scientificreports www.nature.com/scientificreports/ However, if the wound-healing responses during tissue repair becomes unbridled, it leads to pathological conditions. In contrast to normal wound healing, a persistent accumulation of myofibroblasts, which are the major effector cells that synthesize a variety of ECM proteins and HA in the fibrotic tissue 51, 52 , in particular, is associated with the pathological reorganization and expansion of ECM components, resulting in fibrosis 53 . The deposition of HA in the pericellular matrix signals one of the earliest fibrogenic responses 54 . HA is a nonsulfated glycosaminoglycan produced by mesenchymal cells and many tumor cells and its action is mediated through its cell surface receptor CD44 55, 56 , which plays an important role in inflammatory cell recruitment 57, 58 and activation 59, 60 . Accumulation of HA is a characteristic of disorders that are associated with progressive tissue fibrosis 61 . In particular, increased production of HA due to overexpression of HA synthase 2 (HAS2) by myofibroblasts is reported to be responsible for severe lung fibrosis 52 . OPN is a multifunctional matricellular glycoprotein produced by a broad range of cells, including osteoclasts, immune cells and fibroblasts [62] [63] [64] . It binds to cell surface integrins and CD44 within the ECM and modulates signaling in a wide variety of cell types 63, 64 . OPN is required in TGF-β1-induced fibroblast-to-myofibroblast transdifferentiation (FMT) 65 . RAGE may stimulate proliferation of fibroblasts 66 . The likely elevated AGEs 67 due to increased oxidative stress 68 may also induce RAGE and facilitate lesional fibrogenesis through TGF-β1 69 or angiotensin I pathways 70 . Given overwhelming evidence that endometriotic lesions are wounds undergoing ReTIAR and subsequent fibrogenesis [14] [15] [16] [17] 71 , the choice of plasma HMGB1, OPN, and HA is biologically justifiable. Our human data are consistent with the mouse data, and are consistent with a previous report that OPN levels are elevated in women with endometriosis 22 and with the report that TLR4 expression dose-dependently increases with the HMGB1 stimulation 20 . OE can be efficiently identified by ultrasound, which is now widely available and is inexpensive 72 . Since this study used patients with OE in human study, naturally there is a question as whether the biomarkers identified through the integrated approach is superfluous. However, even in the hands of most experienced sonologists, there is still a sizable portion of patients, about 10%, cannot be accurately diagnosed 72, 73 . That is, there is still ample room for improvement when it comes to diagnosing endometriosis, and thus the need for biomarkers. In addition, the rationale of choosing the 3 particular markers in this study is that these markers may reflect the extent of lesional fibrosis, a proxy for lesional development stage. There is growing evidence to show different subtypes of endometriosis, such as OE, deep endometriosis, and perhaps peritoneal endometriosis as well, have the same natural history, in the sense that they all go through the same molecular and cellular processes, i.e. epithelial-mesenchymal transition (EMT), FMT, smooth muscle metaplasia (SMM), and fibrogenesis but they differ in the extent and/or thoroughness and completeness 74 , which, in turn, can be explained by their different microenvironments 75, 76 . In other words, while different subtypes of endometriosis may have different pathogenesis, their pathophysiology is very much alike. Thus, their lesions (including adenomyotic lesions as well 77, 78 ) have similar, if not identical, natural history 14 . Importantly, to serve as biomarkers, it would be ideal if their variation can also reflect the developmental stage of the underlying endometriotic lesions. It is not necessary to require that the biomarkers have to reflect as how the lesions got started. Thus, our choice of the 3 markers is not for OE per se. And this can be easily seen from the results of our mouse experiment, which was just induced peritoneal endometriosis, not OE. Nonetheless, the results from the mouse experiment are very similar to what we found in OE, supporting our argument. Of course, further studies in women with deep/peritoneal endometriosis are needed to verify this.
Our results are in broad agreement with previously reported overexpression of RAGE 21, 79 , TLR4 42 , NF-κB p-p65 80, 81 , OPN 23, 82 in endometriotic lesions. Our study also is consistent with the reported higher CD44 expression in endometriosis 83, 84 , and the report that inhibition of HA synthesis hinders angiogenesis in developing endometriosis 24 , which implicate the involvement of HA. The increased serum and peritoneal IL-33 levels in women with endometriosis 85,86 also agree with our findings. However, our mouse study also indicates that, as endometriotic lesions progress, their HMGB1, TLR4, p-p65 and PCNA expression decreases, although their expression levels are still higher than that of normal endometrium. This likely due to the fact that, while early wound healing is mostly characterized with inflammation, the later stage is characterized more predominantly with tissue repairing 40 . Alternatively, IL-33 has been shown to bind the p65 subunit of NF-κB and inhibit NF-κB transcriptional activity 87 , which may account for reduced expression of TLR4, HMGB1 and PCNA.
As part of the biomarker panel, the demographic, reproductive and clinical information such as age, parity, presence or absence of different symptoms and their severity, have been shown to be important in patients with endometriosis and, as such, need to be carefully collected and taken into consideration 6 . In addition, due to the changing nature of endometriotic lesions, the biomarker panel should ideally profile the suspected patients from multiple and different angles, requiring biomarkers that profile different aspects of the disease, such as level of coagulability 18 and the stage of fibrogenesis. Since the potential patients are surely heterogeneous with respect to location, size, color, depth of infiltration, presence or absence of adhesion, comobidity, along with a kaleidoscopic variation in symptomology and severity as well as the progressive nature of the disease course, by necessity large samples or big data are required to account for most, if not all, possible combinations of these parameters in order to successfully identify patients with endometriosis from those without. This poses a formidable challenge in resources, time, and efforts to a single research team, and collaboration may be the only solution. But this would require the harmonization of sample collections and outcome measures 88, 89 . In other words, there will be a long way to go before we can have a panel of biomarkers that are clinically useful in diagnosing endometriosis, especially in differential diagnosis. Until then, the biomarkers identified through a rigorous study can only be termed as admissible biomarkers, awaiting for further validation.
Our mouse and human studies both demonstrate that, as lesions grow older and become more fibrotic, the lesional staining of OPN, RAGE and IL-33 becomes more intense while that of HMGB1, TLR4 and PCNA is (2019) 
metriotic lesion is not a static, monolithic, and certainly not an immutable, entity 14 . Rather, it will progressively become more fibrotic if undisturbed, concomitant with changes in gene transcription, protein translation, along with morphology, appearance and coloration. This view underscores the point that not only gene/protein expression levels but also the peripheral levels of certain markers would be different for patients with endometriotic lesions at different stages.
This study has several strengths. First, we capitalized our knowledge on the newly unveiled natural history of endometriotic lesions, and focused on peripheral markers that are potentially related with the extent of lesional fibrosis, which is known to be the end result of lesional development 14 . Second, we designed a mouse study that evaluated the potentials of the peripheral markers and their changes with the progression of lesions. This dynamic view gave us the advantage of viewing endometriosis not as a static entity, but, rather, a changing, dynamic, and progressive disease. This approach should maximize our chance of finding the right biomarker that will be clinically useful. Third, we re-evaluated the plasma markers 3 months after the surgical removal of all endometriotic lesions, and made the requirement that these markers should change as a result of lesional removal. Lastly, by evaluation of both peripheral markers and lesional staining markers simultaneously, we have not only gained a better understanding of the putative biomarkers and their relationship with endometriotic lesions but also exposed areas in need for further research.
This study also has its limitations. First, we did not use a validation sample to further evaluate the performance of the putative biomarkers. This is mainly due to the constraints of time and resources. As a result, the estimates of sensitivity, specificity and other performance parameters presented in this study are likely inflated since they were based on the training data only. The real performance parameters in independent samples are likely to be worse. Future studies are needed to reevaluate the model performance. Second, in our control group no women had dysmenorrhea while in women with OE various severity of dysmenorrhea was reported. It is known that women without endometriosis can still have dysmenorrhea 90 even though the prevalence may be much lower than those with endometriosis. Our choice of the control women did not deliberately exclude those complained of dysmenorrhea, and the resultant difference is largely a chance event. However, due to the sharp difference in the severity of dysmenorrhea, the performance of the classifer incorporating the severity of dysmenorrhea was improved substantially, as can be seen from the ROC curves (Fig. 8) . Thus, the sensitivity and specificity estimates based on its use are very likely to be inflated, especially when in real clinical situation when women with other gynecological disorders may also complain of dysmenorrhea. This calls for the inclusion of symptomology as a part of the biomarker-based classifier. Third, while we performed immunostaining for HMGB1 and OPN for endometriotic lesions, we did not evaluate HA staining, nor did we stain, perhaps more appropriately, hyaluronan synthases (HASs) and/or hyaluronidases, or CD44, the receptor of HA. Both HASs and CD44 have been implicated in the development of endometriosis 24, 91, 92 , but the role of hyaluronidases remains unclear. The lesional staining of HASs, hyaluronidases and CD44 would probably have provided us with more information regarding their relationship with the plasma levels of HA. Similarly, we did not evaluate lesional staining of ST2, the receptor for IL-33, which is very likely to be elevated. Future investigations are warranted to delineate the roles of CD44, HASs, hyaluronidases and ST2 in the development of endometriosis. Fourth, we did not include ultrasonic findings in our analysis. Ultrasonic examination can pretty much determines the location, size and content of the endometrioma lesions. Finding the associations, if any, between certain ultrasonic features of the endometriomas and the putative biomarkers should be very meaningful endeavor and should be pursued in future studies. Fifth, a panel of ideal biomarkers should be able to inform physicians as what subtype of endometriosis the patient has, but, since our study only evaluated patients with mostly OE, we were not be able to do this analysis. Future research is justified to look into this important issue. Lastly, our sample sizes are too modest to include different subtypes of endometriosis with varying symptomology, stage, co-morbidity, age and other potential confounding factors. The sample size for the control group also is very moderate and did not include women with dysmenorrhea or gynecological conditions other than endometriosis and/or adenomyosis. As such, extreme caution should be exercised when one wishes to extrapolate our findings to more general settings and/or differential diagnosis. Future studies with much sample sizes are warranted.
In summary, plasma HMGB1, OPN, and HA are promising admissible biomarkers for diagnosing endometriosis. However, future studies are warranted to validate their performance in real clinical settings.
Materials and Methods
Reagents. Anti-human/mouse antibodies against TLR4, RAGE, NF-κB phosphorylated p65 subunit (p-p65), PCNA, OPN and IL-33 were purchased from Abcam (Cambridge, MA, USA), and anti-human/mouse antibody against HMGB1 from Proteintech Group, Inc. (Chicago, IL, USA). Human-specific and mouse-specific HMGB1 ELISA Kits were purchased from MyBioSource (San Diego, CA, USA), and human-and mouse-specific HA and OPN (specific to both humans and mouse) ELISA Kits were purchased from R&D systems (Minneapolis, MN, USA).
Mice and the induction of endometriosis. Thirty www.nature.com/scientificreports www.nature.com/scientificreports/ Among 32 mice, 8 mice were randomly selected as donors of uterine tissue fragments. They were initially treated i.m. with 100 mg/kg estradiol benzoate (Animal Medicine Factory, Hangzhou, China) twice a week after one week of acclimation. The remaining 24 mice were designated as recipients.
One week after the treatment of donor mice with estrogen, the recipient mice were divided into two groups, ENDO mice (n = 16) that received uterine tissue fragments from donor mice and CTRL mice (n = 8) that received normal saline only, all through intraperitoneal (i.p.). For ENDO mice, endometriosis was induced using the established induction model as first described in 94 and used in our previous studies 95, 96 . Briefly, after sacrifice the uteri tissues from donor mice were harvested in a Petri dish, washed with sterile saline twice and then split longitudinally. Finally, the uterine tissues were minced into fragments with their diameters small than 1 mm, then the uterine fragments were suspended in sterile saline and injected into the abdominal cavities of recipient mice. Each donor mouse's uterus was injected in equal amount to two recipient mice. An equal volume of sterile saline was injected to control mice. The day when the induction procedure was performed was designated as Day 0.
Bodyweight and hotplate latency were measured for all mice at Day 0 prior to i.p. injection and then 2 and 5 weeks after induction (before sacrifice). At the end of the 2 nd week after induction, the ENDO mice were further divided, at random, into equal-sized two groups: ENDO2 and ENDO5. Mice in the ENDO2 group were sacrificed immediately, while those in the ENDO5 group were allowed to stay but were sacrificed 5 weeks after induction. The CTRL mice were sacrificed at the same time as those ENDO5 mice. Before sacrifice, a peripheral blood sample was collected in tubes with anticoagulant ethylenediaminetetraacetic acid (EDTA) from all mice, and the plasma samples were obtained by centrifuging the blood samples at 3000 rpm for 10 minutes at room temperature and stored at −80 °C immediately until further analyses. After sacrifice, the endometriotic lesions in ENDO mice were carefully excised, weighed and then processed for further analysis, and the uteri of CTRL mice were excised and then processed. Both lesional and uterine tissue samples were fixed in neutral-buffered formalin for histologic, immunohistochemical, and histochemical analyses.
Patients and specimens. We also recruited 30 premenopausal patients with laparoscopically and histologically diagnosed OE. Among them, 7 were found to have peritoneal adhesion, 2 had deep endometriosis (DE), 4 had paraovarian cyst, 1 had corpus luteal cyst. All patients were scored following the rASRM classification during surgery. For controls, we recruited 20 age-matched, in frequency, women without endometriosis. Among them, 3 (15%) had teratoma, 3 (15%) with endometrial polyp, 1 (5%) each had physiologic cyst, recurrent abortion and vulval cyst, respectively. All subjects were recruited after informed consent and none of them received any hormonal treatment for at least 3 months prior to the recruitment.
For the 30 recruited patients with endometriosis, their endometriotic lesions were harvested and fixed in neutral-buffered formalin for histologic, immunohistochemical, and histochemical analyses. In addition, 5 mL of peripheral blood samples were collected from all patients with endometriosis before and 3 months after the surgical removal of all endometriotic lesions, a time period that was long enough for full recovery. For controls, an identical amount of blood sample was obtained. All collected peripheral blood samples were processed with anticoagulant EDTA and then centrifuged at 3000 rpm for 10 minutes at room temperature to obtain plasma for analysis.
All methods and procedures employed in this study strictly adhered to the ethical principles outlined by the Helsinki Declaration and was approved by the institutional ethics review board of Shanghai OB/GYN Hospital, Fudan University.
Immunohistochemistry analysis. The fixed human and mouse endometriotic lesion samples and mouse uterine tissues were dehydrated and embedded in paraffin, serial 4-μm sections were obtained from each block for immunohistochemistry (IHC) analysis. Routine deparaffinization and rehydration of the tissue sections were performed as reported previously (4). For antigen retrieval, the sections were heated at 98 °C in a citrate buffer (pH 6.0) for a total of 30 min for staining for HMGB1, TLR4, p-p65 and PCNA or an EDTA-Tris buffer (pH 9.0, Shanghai Sun BioTech Company, Shanghai, China) for a total of 20 min for staining for IL-33, and cooled naturally to the room temperature. For OPN staining, no antigen retrieval was needed. The tissue sections were incubated at room temperature with Trypsin Enzymatic Antigen Retrieval Solution (Ab970, Abcam) for a total of 20 min for antigen retrieval for RAGE staining. Endogenous peroxidase was blocked by incubating with 3% H 2 O 2 for 10 min and non-specific antibody binding was blocked by incubating with 10% normal goat serum (Sunpoly-HII; BioSun Technology Co, Ltd, Shanghai, China) for 30 min at room temperature, and then incubated at 4 °C overnight with primary antibodies against HMGB1, TLR4, RAGE, p-p65, PCNA, OPN or IL-33. Sections were then washed with PBS and incubated with the horse radish peroxidase (HRP) labeled secondary antibody Detection Reagent (Sunpoly-HII) at room temperature for 30 min. The antigen-antibody complexes were stained for 3-5 min or until appropriate for microscopic examination with diaminobenzidine and then counter stained with haematoxylin (60 sec) and mounted. The information on these antibodies and their diluted concentrations used in this study, along with catalog numbers, are listed in Table 4 .
Images were obtained with a microscope (Olympus BX53, Olympus, Tokyo, Japan) fitted with a digital camera (Olympus DP73, Olympus). Four randomly selected images at 400X magnification of each tissue section were taken to obtain a mean optical density value by Image Pro-Plus 6.0 (Media Cybernetics, Inc., Bethesda, MD, USA), as reported previously 97 . To minimize potential bias, the person who performed IHC analysis was blinded to the group identity before analysis.
For positive controls, human breast carcinoma tissues were used for p-p65, PCNA and OPN staining, human tonsil tissues, for HMGB1 and IL-33 staining, mouse lung tissues, for RAGE staining, and mouse small intestine tissues, for TLR4 staining. For negative controls, mouse endometriotic lesion tissues were incubated with rabbit or mouse serum instead of primary antibodies. The positive and negative staining results are provided in Supplementary Fig. S2. www.nature.com/scientificreports www.nature.com/scientificreports/ Masson trichrome staining. Masson trichrome staining was used for the quantification of collagen fibers in endometriotic lesions. Tissue sections were deparaffinized in xylene and rehydrated in a graded alcohol series, then were mordant in Bouin's solution at 37 °C for two hours, which was made with 75 mL of saturated picric acid, 25 mL of 10% formalin solution (v/v), and 5 mL of acetic acid. Sections were then stained using the Masson trichrome staining kit (Baso, Wuhan, China) according to the manufacturer's instructions. The areas of the collagen fibers layer stained in blue relative to the entire portion of the ectopic endometrium were calculated by the Image Pro-Plus 6.0 (Media Cybernetics, Inc).
Quantification of plasma HMGB1, OPN and HA levels. The plasma levels of HMGB1, OPN and HA in both humans and mice were quantitated using the commercial sandwich enzyme-linked immunosorbent HMGB1 (MyBioSource, San Diego, CA, USA), OPN (R&D systems), and HA (R&D systems) ELISA kits following manufacturer's instructions. The absorbance was read at 450 nm and the reading for each standard and sample subtracted the zero standard optical density (O.D.), and then the standard curve was created by reducing the data using computer software to generate a four-parameter logistic curve-fit. Except HMGB1 concentration measured in mice, which was expressed in pg/mL, all other concentrations were expressed in ng/mL.
Statistical analysis.
The comparison of distribution of continuous variables between or among two or more groups was made using Wilcoxon's and Kruskal's test, and the paired Wilcoxon test, whenever appropriate, was used when the before-after comparison was made for the same group of subjects. Pearson's or Pearson's rank correlation coefficient was used when evaluating correlations between two variables when both variables were continuous or at least one variable was ordinal. Multiple linear regression analysis was used when multiple factors were considered. Jonckheere-Terpstra trend test was used to test the trend of more severity of dysmenorrhea. Linear discriminant analysis and multi-dimensional scaling were used to classify mice and human subjects with and without endometriosis. To determine which co-variables were associated with the severity of dysmenorrhea, we treated the severity as if it were uncensored "survival time" and used the Cox proportional hazard regression model 98 . A p-value < 0.05 was considered statistically significant. All computations were made with R statistics software system version 3.5.1 99 (www.r-project.org).
